Abstract Oncolytic herpes simplex viruses (HSV) hold promise for therapy of glioblastoma multiforme (GBM) resistant to traditional therapies. We examined the ability of genetically engineered HSV to infect and kill cells that express CD133, a putative marker of glioma progenitor cells (GPC), to determine if GPC have an inherent therapeutic resistance to HSV. Expression of CD133 and CD111 (nectin-1), the major entry molecule for HSV, was variable in six human glioma xenografts, at initial disaggregation and after tissue culture. Importantly, both CD133? and CD133-populations of glioma cells expressed CD111 in similar relative proportions in five xenografts, and CD133? and CD133-glioma cell subpopulations were equally sensitive to killing in vitro by graded dilutions of wild-type HSV-1(F) or several different c 1 34.5-deleted viruses. GPC did not display an inherent resistance to HSV. While CD111 expression was an important factor for determining sensitivity of glioma cells to HSV oncolysis, it was not the only factor. Our findings support the notion that HSV will not be able to effectively enter, infect, and kill cells in tumors that have low CD111 expression (\20%). However, virotherapy with HSV may be very effective against CD111? GPC resistant to traditional therapies.
Introduction
Glioblastoma multiforme (GBM) remains one the most difficult cancers to treat and the median life expectancy of 12-15 months has only slightly improved in the last 50 years despite advances in surgical and radiation techniques and new chemotherapeutic agents. Moreover, few patients survive more than 3 years despite aggressive surgery, radiation and chemotherapy [1] . Resistance of gliomas to therapy exists at all levels: highly invasive glioma cells defy surgical removal by dispersal into adjacent normal brain; glioma cells display an inherent resistance to radiation therapy and chemotherapeutic agents. Recently, a subpopulation of glioma cells has been identified that has ''stem cell'' properties including multipotency, the ability to self-renew and proliferation [2] [3] [4] . These glioma progenitor cells (GPC) are believed to exclusively maintain the neoplastic clone. Like neural stem cells, GPC express the cell-surface antigen CD133, which is used as an identifying biomarker. While not all CD133? cells are likely GPC, and recent studies suggest that some CD133-cells are capable of initiating tumors, CD133 remains the best current marker of GPC [5] [6] [7] . CD133? cells appear to be largely responsible for the resistance of GBMs to current chemotherapy and radiation therapy and have been correlated with the grade of malignancy in gliomas [8] [9] [10] [11] .
Because GBMs are resistant to traditional therapies, novel treatment strategies are being explored, and one promising treatment modality utilizes genetically engineered herpes simplex virus which can produce a direct tumor-targeted attack in the form of oncolytic viral therapy, and/or can mediate gene therapy whereby additional genetic material is introduced into cancer cells that ultimately leads to tumor cell death [12] . The basis by which oncolytic HSV therapy spares normal cells while targeting and killing tumor cells is through deletions of genes (e.g., the ''neurovirulence'' gene, c 1 34.5) critical for viral replication in normal cells but dispensable in tumor cells [13, 14] . Several Phase I trials have been conducted and have confirmed the safety of two different c 1 34.5-deleted viruses, G207 and HSV1716 [15] [16] [17] [18] . Although efficacy has not been a primary end-point of these studies, anti-glioma effects were documented in some patients including a few long-term ([5 years) survivors. However, some tumors were unresponsive and most recurred.
Determining what makes tumors resistant to current oncolytic HSV therapy is critical for developing more effective viruses in the future. In this study, we examined potential causes for tumor unresponsiveness to HSV including any inherent anti-virus resistance of GPC or lack of expression of CD111, an important entry receptor molecule for HSV [19, 20] that has at least 4 appellations: nectin-1, Herpes Virus Entry Molecule-C (HVe-c), Herpes Ig-related Receptor (HIgR). Nectin-1 (CD111) is a cell surface adhesion molecule that is widely expressed in cell lines of different lineages including neuronal cells and recently has been shown to predict sensitivity to herpes oncolytic therapy in several different types of tumors including thyroid cancer and invasive squamous cell carcinoma and has been shown to partly contribute to the variability in infectability of brain tumors [21] [22] [23] [24] . Likewise, previous studies have described an association between radiation resistance in gliomas and resistance to oncolytic virus therapy, thus implicating a broader basis for therapeutic resistance [25] . Our goals were to determine (1) if glioma progenitor cells are inherently more resistant to HSV oncolytic therapy. (2) if there is a differential CD111 expression between glioma progenitor cells (CD133? cells) and tumor cells (CD133-cells), and (3) if CD111 expression predicts sensitivity of glioma progenitor cells to HSV.
Materials and methods
Human glioma xenografts and genetically engineered herpes simplex viruses GBM6, GBM10 and GBM12 are serially transplantable xenografts established initially by direct implantation of freshly resected human GBM tissues into the flanks of immunocompromised athymic nude (nu/nu) mice. These tumors (a gift of C. David James, Ph.D. and Jann Sarkaria, M.D., Mayo Clinic) were maintained by serial transplantation in athymic nude mice. UAB1046 and UAB1066 are xenografts of human GBMs and were established by us in the same fashion from tumor tissues resected from patients. UAB1046 was obtained from a patient (59yo WF) who had received G207 HSV therapy 70 months previously at the University of Alabama at Birmingham and was one of the two long-term survivors in this trial [15] . UAB1066 was obtained from a resection of a newly diagnosed GBM (64yoWF). D456MG (gift of Darell D. Bigner, M.D., Ph.D., Duke University Medical Center) was derived from a human pediatric fronto-parietal GBM that was directly implanted into the flank of immunocompromised mice. The University of Alabama at Birmingham Institutional Animal Care and Use Committee approved the uses of all animal subjects (APN070106018).
HSV-1(F) is the prototypical wild-type HSV that was used for these studies. R3659 has been described previously by us [26, 27] . These viruses were a generous gift of Bernard Roizman, D.Sc. (University of Chicago, Chicago, IL) [28] . G207 has previously been described as a replication-competent HSV-1 mutant virus that has deletions at both c 1 34.5 gene loci and a E coli lacZ gene insertion inactivating the U L 39 gene where the large subunit of ribonucleotide reductase (ICP 6) is encoded [14] . M002 has previously been described [26] as a conditionally replication-competent mutant virus expressing both subunits of murine interleukin 12 and produces murine IL-12 in physiologic relevant amounts. M032 is identical to M002 except that the genes encoding murine p40 and p35 IL-12 subunits have been replaced with genes encoding human p40 and p35 IL-12 subunits (Parker, Markert, Gillespie, unpublished results). C101, a c 1 34.5 deleted recombinant virus, has been described previously [29] . Briefly, the virus was constructed by inserting the gene encoding EGFP under the control of the CMV I.E promoter in the UL3-UL4 intergenic region of Dc 1 34.5 HSV R3616. Expression of green fluorescent protein (GFP) was used to distinguish infected and uninfected cells by fluorescent activated cell sorter (FACS) analysis. 6 cells in 35 ml carefully layered onto 10 ml of lymphocyte separation medium (GIBCO). Cells collected at the interface were washed twice with serumless DMEM/F12 to remove LSM and added to NeuroBasal (NB) medium (Invitrogen) prepared with FGFb and EGF at 10 ng/ml, 2% B-27 supplement without vitamin A (Invitrogen), amphotericin B (250 lg/ml) and gentamicin (50 lg/ml). NB medium was used to promote growth of glioma progenitor cells and prevent differentiation of the progenitor cells. Culture medium was exchanged every 3-7 days as needed.
FACS analyses
Expression levels of CD133 and CD111 were determined by two-color FACS on freshly disaggregated glioma cells as well as those that had been cultured for various intervals. In NB medium, glioma cells grew non-adherently and formed ''neurosphere-like'' spheroids that had to be dissociated using a solution of Accutase (Innovative Cell Technologies) supplemented with 2.5 lg/ml of DNAse I (Worthington). Briefly, cells were harvested from culture, pelleted by centrifugation (2009g, 8 min) and the pellet resuspended in *10 ml of the enzyme solution. The cellsspheroid mix was incubated (37°C, 10-15 min) with occasional shaking to disperse the spheroids into a single cell suspension. The cell suspension was gently triturated several times with a widebore pipette to dissociate any remaining neurospheres. Cells were washed in medium, counted by hemacytometer with trypan blue viability determination and 10 6 viable cells were resuspended in 80 ll of FACS buffer containing ice-cold PBS with 5% FBS and 0.1% of sodium azide. FCR blocking reagent (20 ll, Miltenyi Biotec) was added followed by one of the fluorochrome-conjugated antibodies: phycoerythrin (PE)-PPR1 (Immunotech), allophycocyanin (APC)-CD133 (Miltenyi Biotec). Cells were incubated (10-30 min, 4°C) washed twice with iced FACS buffer and resuspended in 1 ml iced PBS with 0.1% sodium azide. Labeled cells were then fixed in ice-cold fresh 2% paraformaldehyde and then stored in the dark at 4°C until analysis by the UAB Flow Cytometry Core Facility. The side-scatter versus forward light scatter profiles of a control sample of cells without antibody added were used to set gates for each individual xenograft. Data were analyzed using Flo-Jo software and results were expressed as a percentage of gated cells for each cell type identified by antibody binding. Mean values from multiple determinations were calculated for each xenograft tested.
In vitro cytotoxicity assay
The alamarBlue cytotoxicity assay has been previously described [29] . Briefly, cultured cells, dissociated as described above, were separated into CD133? and CD133-fractions ([90% purity) via a magnetic bead separating kit (MACS, Miltenyi Biotec) and immediately tested for relative sensitivity to killing by graded doses of wild-type HSV-1 (F), G207 or M002 HSVs ranging from 0.1 to 100 plaque-forming units/cell. For each virus, the number of PFU/cell required to kill 50% of the cells (PFU/ LD50) in a 3 day period was calculated.
In vitro infectivity assay
To determine the ability of a Dc 1 34.5 recombinant virus to infect glioma tumor and progenitor cells, we dissociated neurospheres cultured as described above into a single cell suspension and replated 5 9 10 5 cells/1 ml of NB medium in a 12 well flat bottom plate (Corning Incorporated). After overnight culture, HSV C101 was added at 0, 3.3, 10, 33 PFU/cell in 200 ll of medium. At 24 and 30 h postinfection, cells and spheroids were collected from each well, dissociated with Accutase-DNAse I, as described above, and prepared as described above for FACS analysis with APC-CD133 antibody (10 ll, Miltenyi Biotec). Unfixed cells were tested for expression of GFP and APC.
Statistical analysis
Student's t test analyses were performed using Sigmastat software.
Results

CD133 expression in glioma xenografts after disaggregation and culture
We assessed the percentage of glioma progenitor cells immediately after disaggregation of solid tumors from the flanks of mice and again after maintaining the cells in tissue culture for one to 2 weeks. CD133 expression, measured by FACS analysis for binding of APC-CD133 antibody, was quite variable among the different xenografts after disaggregation (Table 1) . GBM12 had the highest percentage of CD133? cells at 65.5 ± 9.6% followed by GBM6 and UAB1066 at 43.2 ± 2.9% and 40.3 ± 9.4%, respectively. Glioma xenografts containing the lowest number of glioma progenitor cells were UAB1046 at 8.5 ± 2.7% and GBM10 with less than 2.0%.
Next, we observed that both CD133? and CD133-xenograft glioma cells grew non-adherently in NB medium and both subpopulations rapidly aggregated into tumor spheroids that increased in size. More cells in the CD133-subpopulation cultures displayed adherent growth behavior than in the CD133? cultures, but in both, the vast majority of cells grew non-adherently, floating above the substratum and preferentially formed these tumor spheres.
When the freshly isolated glioma xenograft cells were cultured for one to 2 weeks in serum-free NB medium designed to prevent differentiation of stem cells but permit cell proliferation, the proportions of CD133? cells decreased in all lines. Moreover, the extent of decrease was quite variable among the different tumors ( Table 1 ). The largest drop was in the two cell lines with the highest percentage of progenitor cells immediately after disaggregation; GBM12 decreased from 65.5% to 28.9% and GBM 6 fell from 43.3% to 22.9% (P B 0.002). More modest decreases in the percentage of CD133? cells were seen in D456MG, UAB1066, and UAB1046, none of which were significant. The mean fluorescence at the times of disaggregation and after one to 2 weeks of culture were compared for each xenograft and no significant difference was seen implying that the decrease was related to a drop in the number of positive cells instead of a generalized decrease in intensity.
Like CD133 expression, the expression of CD111, measured by binding of PE-CD111 monoclonal antibody by FACS analysis, was variable with UAB1046 having the highest number of CD111? cells at 81.0 ± 10.5% compared to less than 2% of CD111-positive cells in GBM10 ( Table 2 ). All of the tumors except UAB1046 had similar expression levels of nectin-1 in both CD133? and CD133-subpopulations suggesting that HSV should at least be able to enter both CD133? and CD133-cells at equal rates (statistically not significant). UAB1046 was unique in that while only half (49.8%) of the few CD133? cells (8.5 ± 2.7%) expressed nectin-1, almost all of the CD133-UAB1046 cells had nectin-1 on their surface as suggested by the 81.0% of all cells (CD133? and CD133-) expressing CD111 (P = 0.04). This suggested that HSV would be less likely to infect half of the UAB1046 glioma progenitor cells while likely to infect all of the CD111?/ CD133-tumor cells.
HSV cytotoxicity for glioma xenograft cells
We separated D456MG, GBM12 and UAB1066 cells into CD133? and CD133-subpopulations using a magnetic bead separating kit, and immediately tested both populations of each tumor as well as unseparated cells for relative sensitivity to killing by wild-type HSV-1 (F) using the in vitro alamarBlue assay. Calculated PFU/LD50 values (number of PFU/cell required to kill 50% of the cells in a 3 day period) confirmed that there was no significant difference in the susceptibility of either CD133? or all cells to the virus (P C 0.2; Table 3 ). Additionally, the xenograft with the highest percentage of nectin-1 of the three tested, D456MG, was the most sensitive as indicated by the lowest PFU/LD50 values for all cells (P = 0.01) as well as for CD133? (P = 0.02) and CD133-(P = 0.01) subpopulations compared to those of GBM 12. In comparison, the xenograft with the lowest nectin-1 expression, UAB1066, was the least sensitive to wild-type HSV (Fig. 1a, b) or mutant HSV with PFU/LD 50 values greater than 100.
Since genetically engineered HSV that have been deleted for expression of c 1 34.5 (Dc 1 34.5) may be more susceptible to attenuation of cytotoxicity, we next performed cytotoxicity assays using several different c 1 34.5-deleted viruses (G207, M002, R3659) in addition to C101, the c 1 34.5-deleted virus used in the in vitro infectivity assay. The results closely approximated those obtained with wild-type HSV, suggesting that CD133-positive cells do not express a greater resistance to clinically tested Dc 1 34.5 HSV than to wild-type HSV. Moreover, since we did not observe any significant differences in the capacities of the various Dc 1 34.5 HSVs to kill each of the glioma subpopulations, we combined the cytotoxicity data to facilitate the comparisons of wild-type and Dc 1 34.5 HSVs ( Table 3) . As can be appreciated, the continued resistance of UAB1066, the glioma with low to absent CD111 expression, reaffirmed the notion that nectin-1 expression was a more important factor than CD133 expression in determining the sensitivity to herpes virus-mediated oncolytic therapy. Given our previous observation that the proportions of CD133? cells from freshly disaggregated human glioma xenografts decrease dramatically when cultured, we elected to test this assumption in a different assay that did not require prior separation of CD133? and CD133 subpopulations. Cells derived from three different xenografts (GBM6, UAB1046, GMB10) and cultured in NB Medium were infected with C101, a c 1 34.5-deleted virus that produces GFP, at 0, 3.3, 10, and 33 PFU/cell. The use of this recombinant virus allowed us to identify, on a single cell basis, the expression of CD133 and/or GFP by FACS analysis at 24 and 30 h post-infection. These timepoints were chosen to ensure that the infection process was well underway, yet had not progressed to the point of cytopathic effect (massive cell lysis). GBM6, a xenograft with intermediate nectin-1 expression, was the most sensitive cell line with 49.9% of all cells expressing GFP at 30 h postinfection (Fig. 2) . GBM6 CD133? and CD133-cells, which express similar amounts of nectin-1, were equally sensitive to viral infection with each incremental increase in virus concentration in repeated experiments (Table 4) . Surprisingly, UAB1046, which was sensitive to C101 infection (Fig. 3) , was not as sensitive as GBM6 even though UAB1046 cells overall had a higher level of nectin-1 expression than GBM6 cells. These data suggested that while nectin-1 is important for HSV infection, it is not the only factor that determines whether or not cells are sensitive to the virus. Importantly, we observed a differential sensitivity to the virus between UAB1046 CD133? cells and CD133-cells, a finding that was consistent with nectin-1 expression. UAB1046 CD133? cells were found to express a low level of nectin-1 and were relatively insensitive to virus infection (\3% of cells infected after 30 h at a MOI of 33 PFU/cell). In contrast, UAB1046 CD133-cells which expressed a significantly higher level of nectin-1 were significantly more sensitive to infection with C101 (P value B 0.03) (Table 4) . GBM10, with \2% of cells expressing nectin-1, was the most HSV-resistant cell line tested (Fig. 4) . Only 4.6 and 13.9% of all cells were infected at a MOI of 33 PFU/cell of C101 at 24 and 30 h, respectively (Fig. 4) . We could not accurately calculate the sensitivity to oncolysis (PFU/ LD50) of GBM10 CD133? cells or CD133-cells because of the very low percentage of HSV infected GBM10 cells.
We confirmed consistency between the in vitro cytotoxicity assay and infectivity assay, by performing cytotoxicity assays using GBM10 and GBM6. GBM10 was resistant to killing, similar to UAB1066, with an LD50 of [100 when tested against wild-type HSV, M002, G207, and C101 (data not shown). GBM6 was similarly sensitive to killing in a cytotoxicity assay as GBM12 when infected with C101 (LD50 of 1.9 vs. 2.7 PFU/cell, respectively).
Discussion
Engineered HSV-based oncolytic virus therapy remains a promising modality for treatment of GBMs, which are aggressive tumors with short-lived responses to traditional therapies. However, in early human trials of mutant HSV, success has been limited. In three Phase I trials of G207 HSV treatment alone or with radiation involving 37 patients with recurrent high grade gliomas, we have observed only two long-term survivors ([5 years) and only a modest increase in 6-month event-free survival [15] . In some instances, tumors continued to grow progressively after HSV therapy. We sought to determine whether or not glioma progenitor cells and/or nectin-1 expression could play a role in this observed resistance of tumors to virus therapy. CD133? vs. CD133-P = 0.3
CD133-5.0 ± 1.2% 11.9 ± 2.3% 23.7 ± 10.5% CD133? vs. CD133-P = 0.2 P = 0.009
We observed that the glioma xenografts established from tumors resected from patients and maintained solely in athymic nude mice are quite variable in their content of glioma progenitor cells, a finding that has been documented by other groups [30] [31] [32] . The high proportion of CD133? cells in some of these xenografts and the wide range of CD133? cell content among these tumors is at variance with some published reports of CD133? cell proportions reported in freshly resected human gliomas. This difference may be attributable in part to the fact that these gliomas have been passaged subcutaneously in nude mice, which likely represents a stressful environment. Our lab recently reported that CD133 appears to be a marker of bioenergetic stress and its expression on glioma cells can be highly variable, depending on the external milieu restrictions [33] . Here, we show that by simply culturing these tumors for brief periods in normoxia (150 mm Hg; 20.8% oxygen) and high glucose (4.5 g/l), the proportions of CD133? cells were observed to decrease over a 5-14 day period. One reason for the decrease in glioma progenitor cells in tissue culture may be that even the specialized neural stem cell culture medium used was not sufficient to prevent differentiation of progenitor cells to committed tumor cells. Alternatively, it is more likely that the normoxic, nutrient-rich culture conditions provided a much more accommodating environment than the more spartan environment in vivo (hypoxic, less nutrient rich). For example, oxygen tension in the normal brain has been reported to be between 5% (23-33 mm Hg; [34] ) and 10% (75 mm Hg [35] ) and is likely lower within the tumor mass (0.7-4 mm Hg, 0.1-0.5%; [35] ). Moreover, while blood glucose levels average *1 g/l (5.5 mM), brain glucose levels range from 1.0 to 1.3 mM. Obviously, at 20.8% oxygen and 4.5 g/l glucose (17.5 mM), tissue culture medium is infinitely more accommodating to cells placed there from hypoxic tumor masses in the brain or the relatively more poorly vascularized subcutaneous flank. This shift to a less stressful environment may have affected the expression of CD133 or promoted a more rapid shift to a non-progenitor tumor cell phenotype. This explanation is consistent with our published data that suggests CD133 is really just another marker for cells that are experiencing bioenergetic or oxidative stress [33] , which could be expected to be a constant situation in which normal stem cells are likely to find themselves as tissues and organs develop. As has been shown by others, glioma cells under stress express notably distinct gene profiles that may contribute differentially to therapeutic resistance [36, 37] . Besides variably expressing CD133, GBM xenografts were highly variable in expression of nectin-1. Nectin-1, a member of the immunoglobulin superfamily along with nectin-2, is one of three recognized classes of cell membrane receptors that are involved in HSV-1 fusion with and entry into cells [19] . The other two molecules that promote HSV infection are herpesvirus entry mediator (HVEM or HVe-A, CD112), a member of the tumor necrosis factor receptor family, and heparan sulfate proteoglycan [39, 40] . HSV-1 has several important glycoproteins on the surface of the outer viral envelope that interact with cell membrane receptors and are critical for attachment and entry into cells. Glycoprotein B or C bind to heparan sulfate moieties that are ubiquitously expressed on cell surface proteoglycans and this facilitates binding of glycoprotein D to one of the principal cell membrane entry receptors. The binding of glycoprotein D to one of the cell membrane entry receptors results in fusion of the virus envelope with the cell membrane and ultimately entry of the virus [41] . In a recent study, Krummenacher et al. showed that nectin-1 is more efficient than HVEM at promoting viral entry [42] . HVEM is mainly expressed on T and B lymphocytes and likely is not expressed by neuroglial cells to a significant degree [38, 41] . While nectin-1 (CD111) and nectin-2 (CD112) are expressed in a variety of tissues including neuronal cells, nectin-2 is virtually inactive for HSV-1 entry [43] [44] [45] . Therefore, nectin-1 is likely the most important entry mediator for HSV-1 to infect brain tumor cells. The variability that we observed in the proportions of glioma cells that express nectin-1 confirms what other groups have seen with other tumor types [23, 46] .
However, a unique finding in our research was the similar extent of expression of nectin-1 by CD133? and CD133-subpopulations. Studies to modulate the level of expression of nectin-1 by cells in either subpopulation using either blocking antibody or siRNA are ongoing and should determine if there is a critical level of CD111 expression required for infection and oncolysis. Five of the six tumors studied had nearly equal proportions of CD111? cells within CD133? and CD133-subpopulations. This finding is extremely important as it suggests that engineered HSV should be able to infect CD133? cells with equal efficiency as compared with CD133-cells in most gliomas.
In in vitro infectivity and cytotoxicity assays, we determined that both wild-type HSV-1 and genetically engineered HSV were able to similarly infect and kill both CD133? and CD133cells that expressed similar levels of nectin-1. However, for UAB1046, the one tumor with lower nectin-1 expression in the CD133? cells compared to the CD133-cells, the CD133? cells were quite resistant. It may be relevant that this particular xenograft was established from one of the long-term survivors of our first Phase I trial with G207 HSV [15] . This tumor was resected 70 months after treatment with G207 HSV and may represent a treatment-related loss of CD111-expressing tumor cells. However, not knowing what the level of CD111 expression was prior to treatment renders this possibility as conjecture. Regardless, it does seem that some CD133? cells may have a differential resistance to HSV infection. The basis for this was not determined by these studies, but provides a useful tumor cell subpopulation for further investigation as indicated below.
We found that nectin-1 (CD111) is important for HSV infection. The two tumors with \20% nectin-1, UAB1066 and GBM10, were relatively more resistant to infection and killing in in vitro cytotoxicity and infectivity assays. Interestingly, even with only 2% of cells expressing nectin-1 in GBM10, nearly 14% of the cells were infected with C101 at 33 PFU/cell after 30 h suggesting that while nectin-1 expression is important, there likely are other less efficient mechanisms for HSV to enter cells independent of nectin-1 either by extracellular entry or via cell-to-cell spread. These data are consistent with the concept that the expression of nectin-1 is a more important determinant of sensitivity to HSV than CD133 expression, which appears to be an important marker for glioma cells resistant to chemotherapy and radiation. It is important to point out that our study used serially transplanted tumor xenografts and findings could potentially differ with fresh surgical tumors from patients.
While we have shown that nectin-1 is an important factor in governing infection of glioma tumor and progenitor cells, it is clearly not the only factor as UAB1046 cells were less sensitive to infection than GBM6 cells even though more than twice the numbers of UAB1046 cells expressed nectin-1 as compared to GBM6. Other factors that may play a role include cell cycle differences (Dc 1 34.5 HSV require cycling cells for late gene expression and oncolysis), production of antiviral proteins (interferons) by the different xenografts and expression of activated STAT1 as described by Khodarev et al. [24] .
Taken in its entirety, our data supports the notion that CD133? cells are sensitive to HSV when there is adequate nectin-1 expression to allow the virus to enter the cells. CD133 expression does not appear to mark all glioma cell subpopulations that have increased resistance to Dc 1 34.5 HSV oncolysis. When nectin-1 was present, GPC were sensitive to HSV oncolytic therapy suggesting that this novel approach can be used effectively against CD111? GPC that are resistant to conventional therapies. Importantly, our findings also suggest that low nectin-1 expression in gliomas (\20%) should be considered as an exclusion criteria in future HSV oncolytic trials because it appears that HSV will not be able to effectively enter, infect and kill cells in tumors that have a low proportion of nectin-1-expressing cells. Since CD133 expression does not appear to be an important factor in tumor sensitivity to HSV, it should not be considered as a criterion for inclusion or exclusion in future studies.
The issue of virus entry molecule expression by malignant glioma cells is not a trivial one. Expression of the coxsackie-adenovirus receptor (CAR) has been shown to be very low on malignant glioma cells and a deciding factor in failure of most serotype 5 Adenoviruses to infect these cells [47] . Results of the studies by Miller et al. suggested that retargeting oncolytic virus may provide a greater opportunity for a successful outcome. As a universal strategy, at least two groups have shown that glioma progenitor cells can be infected with genetically retargeted adenoviruses or serotype 16 adenoviruses [48, 49] . Likewise, measles virus genetically retargeted to EGF receptor or IL13 receptor-a2 expressed on glioma cells have been shown to be effective against one of the glioma xenografts studied here, GBM12 [50, 51] . Therefore, in instances where there is low nectin expression, it may be important to use HSV engineered to enter tumor cells via other receptor molecules (IL13Ra2, uPAR) that are expressed exclusively or selectively by glioma cells [52] [53] [54] . Further investigation into the molecular basis for HSV resistance by glioma cells will be needed.
